A structural model for the active site of phosphoesterases, enzymes that degrade organophosphate neurotoxins, has been synthesised. The ligand [2-((2-hydroxy-3-(((2-hydroxyethyl) 2-to be a competent catalyst with k cat = 1.26 ± 0.06 ¥ 10 -6 s -1 .
Introduction
Phosphoesterases hydrolyse the phosphorus oxygen bond of tri-, di-or monophosphoesters.
1-4 Among them, triesterases are enzymes that have acquired the ability to degrade a range of synthetic organophosphates (OP) including chemical warfare agents such as sarin and VX, and insecticides such as paraoxon.
5,6
The members of this group of enzymes have been isolated and characterised from Pseudomonas diminuta, Flavobacterium sp. and Agrobacterium radiobacter.
7-10
The binuclear glycerophosphodiesterase from Enterobacter aerogenes (GpdQ) 11,12 is structurally unrelated to these triesterases but also has modest activity towards OPs and diester products of VX degradation. 4 Importantly, recombinant Escherichia coli co-expressing the triesterase from A. radiobacter (OpdA) and GpdQ is able to survive under conditions where OPs are the only source of phosphate. 12 Thus, this bacterial system may be sufficiently robust to find an application in the bioremediation of, for example, water supplies that are contaminated with pesticide wastes.
12
The in vivo metal ion compositions of metalloenzymes are often diverse. Anomalous scattering analysis of OpdA has indicated that its likely metal ion composition is of the Fe(II)-Zn(II) type, whereas GpdQ is speculated to be of the di-Fe(II) type. herein, the synthesis and characterisation of [2-((2-hydroxy-3-(((2-hydroxyethyl)(pyridin-2-ylmethyl)amino)methyl)5-methylbenzyl)(pyridin-2-yl-methyl)amino)acetic acid] (H 3 L1) ( Fig. 2 ) and its di-Zn(II) complex, specifically as a structural model for the GpdQ enzyme. The complex has been characterised spectroscopically, and its catalytic properties were investigated using the substrate bis(4-nitrophenyl) phosphate (bNPP). In addition, an octanuclear zinc(II) complex of HL1 2-has been characterised by X-ray crystallography.
Results and discussion

Synthesis of the ligand and complex
The ethyl ester H 2 EtL1 was produced in a reaction sequence (Scheme 1) involving a statistical reaction between N-(2-pyridylmethyl)glycine ethyl ester, 36 
N-(2-pyridylmethyl)-2-aminoethanol
37 and 2,6-bis(chloromethyl)-4-methyl-phenol 38 in tetrahydrofuran in the presence of base. Chromatographic separation of the mixture with silica readily produced ethyl 2-((2-hydroxy-3-(((2-hydroxyethyl)(pyridin-2-ylmethyl)amino)methyl)-5-methylbenzyl)(pyridin-2-ylmethyl)amino)acetate (H 2 EtL1) as well as the symmetrical analogues [diethyl 2,20-(2-hydroxy-5-methyl-1,3-phenylene)bis(methylene)bis((pyridin -2 -ylmethyl)azanediyl)diacetate] and the previously reported ligand 2,6-bis([(2-pyridy- lmethyl)(2-hydroxyethyl)amino]methyl)-4-methylphenol (H 3 L2) (Fig. 2) . 28 The reaction of H 2 EtL1 with lithium hydroxide resulted in a lithium salt of [2-((2-hydroxy-3-(((2-hydroxyethyl)(pyridin-2-ylmethyl)amino)methyl)-5-methylbenzyl)(pyridin-2-ylmethyl)-amino)acetic acid] (LiH 2 L1).
39
The nomenclature employed for the ligand refers to the number of protons possibly available for removal upon complexation. Thus, for H 3 L1, the inference is that the protons on the phenoxide, the carboxylate and the pendant alcohol are candidates for deprotonation. Possible protonation sites on the pyridine nitrogen atoms are not included in this nomenclature but these are considered in the determination of the ligand pK a values (vide infra).
The reaction of LiH 2 L1 with zinc acetate in the presence of sodium hexafluorophosphate resulted in a white solid, for which microanalytical and spectroscopic data support the assignment as [Zn 2 (HL1)(CH 3 COO)](PF 6 )·H 2 O. The crystal produced for the Xray structural study was isolated from the bulk reaction mixture upon standing with sodium hexafluorophosphate. Subsequent structural analysis indicated a complex structure (vide infra) most likely resulting from the crystallisation methodology and not necessarily representative of the initial product produced in the reaction. The structure of this complex represents its only form of characterization and is reported because of its high nuclearity and some of its structural features. Fig. 3 and Fig. 4 with the crystal data listed in Table 1 with important bond distances and angles listed in each connected to four Zn(II) ions. Three PF 6 -anions, two of them disordered, complete the structure. A significant disorder was also observed in many of the ligand's aromatic rings. The electron density, apparent in the centre of the tetrameric structure, was assigned to a lithium ion most likely arising from the use of the lithium salt of the ligand in the synthetic step; the isotropic atomic displacement parameters suggested that either a sodium or a hydrogen ion was inappropriate. The lithium is strongly associated with the oxygen of the PO 4 3-anions (1.95-2.06 Å ) and with the oxygen atom of a solvent methanol molecule (2.43 Å ). Although no PO 4 3-was intentionally added to the crystallising mixture, possible sources include an impurity in the sodium hexafluorophosphate, or from hydrolysis of PF 6 -to PO 4 3-by the Zn(II) complex. 40 The bond lengths and angles, as well as the coordinative saturation, of this moiety support its assignment as PO 4 3-as opposed to PO 2 F 2 -, another hydrolytic product of 42-44 whereas in the present structure there is no difference between the two sets of bonds of the tetrahedral anions (1.509-1.541 Å ). The charge balance also supports the presence of PO 4 3-rather than PO 2 F 2 -. There are four six-coordinate (Zn(1), Zn(4), Zn(5) and Zn (8) ) and four five-coordinate zinc centres (Zn(2), Zn(3), Zn(6) and Zn(7)) in the complex cation. The molecule is composed of two halves, each composed of two HL1 2-ligands coordinated to four Zn(II) ions. The halves are connected by the two PO 4 3-anions, separating the zinc atoms by approximately 4.72 Å , and forming a zipper-like connection with the Li + cation in the centre of the structure, but not present on a symmetry element. One side of the zipper is composed of Zn (7), Zn(8), Zn(1), and Zn(2), the other Zn(6), Zn(5), Zn(4) and Zn(3). The five-coordinate Zn(II) centres (Zn(2), Zn(3), Zn (6) and Zn (7)) are at the end of the respective zippers. The average Zn-Zn distance in the dinuclear complexes is 3.55 Å . Zn(1) and Zn(2) share a coordination environment . Thermal probability ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.
Solid state structure
of an HL1 2-ligand with an unsymmetrical bridge through the m-phenoxo oxygen donor O(3); likewise, Zn(3) and Zn(4), Zn (5) and Zn (6) , and Zn (7) and Zn(8) each share an HL1 2-ligand. The six-coordinate geometry of Zn (1) and Zn(8) (and by analogy Zn(4) and Zn (5) (8) sites, which have the long (>2.5 Å ) Zn-O(carboxylate) bonds, are noticeably more distorted from the octahedral geometry, and in fact may be better described as edge-bridged trigonal-bipyramidal structures. The bifurcated nature of this interaction is reminiscent of that seen for Asp 50 in the structure of GpdQ.
13
The five-coordinate Zn(2) (and by analogy Zn(3), Zn(6) and Zn (7)) ions are trigonal-bipyramidal, where the amine nitrogen and phosphate oxygen atoms are trans. The five-coordinate geometry is comprised of bonds to the bridging phenoxide (Zn (2) • ).
Mass spectrometry
The ligand precursor H 2 EtL1 displays the expected low-resolution positive-ion mass spectrum with m/z 479. 6 ] + (m/z 743.14, 745.14, 747.14 and 748.14) were present, the latter with an isotope pattern indicative of a di-Zn(II) complex (see ESI †). In order to probe the hydrolysis reaction of [Zn 2 (HL1)(m-CH 3 COO)](PF 6 ), the complex was reacted with the substrate bNPP for 24 h at 50
• C in a water-acetonitrile (90 : 10) solution and the mass spectrum recorded. The most prominent peak was at m/z 513.14, assigned to [Zn(HL1) + H] + ; no peaks assigned to phosphate-containing species were observed. The addition of excess Zn(II) (as Zn(II) acetate) resulted in the appearance of more prominent di-Zn(II) species (m/z 745.14 and 747.14).
Potentiometric studies
The pK a values of H 3 L1 were determined from the potentiometric titration curve obtained when the ligand was titrated in an acetonitrile-water solution (1 : 4, v/v) at 25
• C, I = 0.1 (Et 4 NClO 4 ) with Et 4 NOH. The pK a values at low (<3) and high (>9) pH were determined iteratively after fitting the mid-pH range and then holding the obtained fitted parameters fixed in order to fit the extremes of the curve. Once a satisfactory fit was obtained, all the pK a values were allowed to refine freely in order to minimise the complete set. The pK a values determined were 2.95, assigned to the carboxylic acid, 4.97 and 7.53, assigned to the two pyridine nitrogen atoms, 45 and 10.97, which corresponds to the deprotonation of the alcoholic oxygen.
Potentiometric titrations of Zn(II) and H 3 L1 with base in the pH range 2.0-8.5 in an acetonitrile-water solution (1 : 4, v/v) yielded logK 1 = 5.98 and logK 2 = 3.35 as the simplest model. The fit to the two binding constants was reproducible over a number of different titrations and, when more complicated models including hydroxo ligands were added these were routinely rejected as valid models unless the most rigorous fitting conditions were applied. The simplest model was therefore accepted. The relative magnitudes of the binding constants suggest that one Zn(II) is bound relatively tightly to HL1 2-, and the second more loosely.
Phosphodiesterase-like activity
The + . In all experiments, the effect of added Zn(II) was negligible up until the addition of two equivalents when a slight rate enhancement was observed. This observation suggests that the most significant active species in solution is a di-Zn(II) complex based on [Zn 2 (HL1)(m-CH 3 COO) n (OH 2 /OH) x ] m+ (n = 0 or 1). It is possible that the presence of substrate stabilises or aids in the assembly of the di-Zn(II) site, analogous to the suggestion made that in some phosphoesterase systems the reconstitution of a catalytically competent enzyme may only occur in the presence of substrates.
2,46
The effect of complex concentration, based on [Zn 2 (HL1)(m-CH 3 COO)](PF 6 )·H 2 O (pH 9.0; 50
• C), on the rate of hydrolysis of bNPP (1 mM) was linear for concentrations of complex from 0.05-0.25 mM (Fig. 5) , with a second order rate constant of 7.55 ± 0.26 ¥ 10
The addition of extra Zn(II) had no effect on the rates of the reactions. The pH dependence on the rate of bNPP cleavage by the complex displays a sigmoidal behaviour in the pH range 7-9.5. The data were fitted using an equation derived for a monoprotic system, 47 yielding a pK a value of 7.87 (Fig. 6) for the catalytically relevant agent in the model substrate complex. The initial rate of bNPP cleavage has also been determined as a function of substrate concentration, revealing typical saturation behaviour (Fig. 7) . The data were fitted by non-linear regression, using the Michaelis-Menten equation, 6 ), the alcohol hydroxyl, with a pK a of 7.20, is the nucleophile.
Rate
28
The identity of the nucleophile is less clear for [Zn 2 (HL1)(m-CH 3 COO)](PF 6 )·H 2 O. From the pH dependence studies, the active species was determined to display a pK a of 7.87, typical of that for the deprotonation of a terminal aqua ligand, 49 although the pK a for the deprotonation of a bridging hydroxide is also within this range.
50-52
The assignment of the catalytic pK a is further complicated by the observation that the magnitude of the Zn(II)-aqua pK a depends on, amongst other factors, the stereochemistry around the Zn(II) ion, the metal-metal ion separation, and the extent of hydrogen bonding. Thus, pK a values as low as~4. 44 and as high as 9 are observed with apparently little discrimination between the pK a exhibited by the monomeric and dimeric Zn(II) complexes.
28,48,49,52-62
The assignment of the catalytically relevant pK a of the Zn(II) complex of HL1 2-to either a terminal or metal ion bridging hydroxide is in agreement with the corresponding assignments in OPH, OpdA, GpdQ and various other binuclear metallohydrolases.
2,17,19,31,63 A combination of the experimental and theoretical (computational) studies of OPH suggests that the bridging hydroxide with a pK a of 8.4 is the nucleophile in phosphate ester hydrolysis.
20,63, 64 Other binuclear metallohydrolases that are reported to initiate hydrolysis with the m-hydroxide include, amongst others, some purple acid phosphatases, arginases and ureases.
31,65-69
In contrast, a recent crystallographic study showing trapped substrates bound to the active site of OpdA suggests that in this enzyme the nucleophile is monodentately bound to the a-metal site (Fig. 1) . 20 Clearly, there is substantial ambiguity and variety with respect to assigning nucleophiles. In an attempt to reconcile these different strategies, it has been suggested that the m-hydroxo is the actual source of the nucleophile, but that substrate binding triggers the displacement of the m-OH to form a quasiterminal hydroxide, coordinated predominantly to the more buried or a-site.
70,71
While it is no trivial task to deconvolute the precise details of the catalytic mechanism(s) employed by binuclear hydrolytic systems, it has emerged that subtle variations in the first and second coordination environment and differences in the metal ion composition have less subtle effects on that mechanism(s).
2
For instance, for purple acid phosphatase extracted from the pig uterine fluid (uteroferrin) the likely nucleophile for the FeFe and FeZn metal ion combinations is a terminally bound hydroxide,
72
while for the GaZn, FeNi and possibly FeMn combinations, the m-hydroxide is the likely candidate nucleophile.
31, 35 Similarly, different nucleophiles are proposed by different groups for the highly homologous OPH and OpdA (~90% sequence identity).
9,10,17
In summary, despite the ambiguity of the assignment of the catalytically relevant pK a values for the Zn(II) complex of HL1 2-, the mechanistic features of the model system are in good agreement with those of the corresponding enzymatic systems.
Conclusions
Effective biomimetics are expected to display both the structural and functional characteristics of the metallobiosite.
24-29
In the case of both HL1 2-and H 2 L2 -28 , the zinc complexes mimic aspects of the features of the metallobiosites of OPH, OpdA and GpdQ, HL1 2-, in particular, appearing to present a strong and loose binding site, analogous to the situation observed in the enzymes. Modelling the activity and the exact nucleophilic agent is more problematic. The catalytic activity of the Zn(II) complexes of HL1 2- and HL2 -appears typical of that exhibited by similar complexes, although it is difficult to make definitive comparisons due to the different reaction conditions employed. 59, 74 Considering the potential applications of OPH, OpdA and GpdQ for bioremediation, it is an attractive endeavour to develop more robust biomimetic systems exhibiting sufficient structural and functional stability to be used practically.
d H (CHCl 3 ) = 7.24 ppm and d C (CDCl 3 ) = 77.0 ppm. Low and high-resolution positive-ion mass spectra were obtained using either a Q-Star time-of-flight mass spectrometer, in methanol or acetonitrile, using 10% acetic or formic acid carrier liquid or a Finnigan MAT 900 XL mass spectrometer and methanol solutions for the ligand, and acetonitrile for the metal complex. All samples were subjected to electrospray ionisation, with voltages tuned to optimise the signals. The predicted isotopic splitting patterns of peaks were calculated using the program Molecular Weight Calculator. 75 Infrared spectroscopy was performed with a Perkin Elmer FT-IR SPECTRUM 2000 spectrometer with a Smiths DuraSamplIR II ATR diamond window. Elemental analyses were performed using the microanalysis facilities at The University of Queensland.
Syntheses of the ligands and metal complex
2,6-Bis(chloromethyl)-4-methyl-phenol, N-(2-pyridylmethyl) glycine ethyl ester, N-(2-pyridylmethyl)-2-aminoethanol were prepared as described previously. were dissolved in 9 mL of tetrahydrofuran (THF) with 1.15 g triethylamine (TEA) (11.48 mmol). Separately, 2,6-bis-(chloromethyl)-4-methyl-phenol (1.18 g, 5.76 mmol) was dissolved in 8 mL dichloromethane (DCM) and added dropwise under stirring into the TEA solution at 0
• C. The mixture was stirred at room temperature for 48 h, the precipitated TEA·HCl was filtered off, and the solvent was removed by rotary evaporation. The residue was taken up in DCM (50 mL), washed with concentrated aqueous NaCl (20 mL), the organic layer dried over anhydrous sodium sulfate, filtered and the solvent removed in vacuo, to yield an orange oil (2.35 g). NMR and TLC of the mixture revealed a combination of three products. The separation of the products was achieved with column chromatography (silica; 80 : 20, ethyl acetate-methanol). The first product eluted from the column (R f : 0.89) was determined to be [diethyl-2,20-(2-hydroxy -5 -methyl -1,3 -phenylene)bis(methylene)bis((pyridin -2 -ylmethyl)azanediyl)diacetate] (0.4 g 2H, s, CH 2 ), 3.79 (2H, s, CH 2 ) 78 Plots were drawn using the ORTEP program. 79 The hydrogen positions for the alcohol, methylene and coordinated water molecules were calculated and included in the final refinement cycle. All non-hydrogen atoms were refined with anisotropic thermal parameters. Selected crystal data and details of refinements are given in Table 1 .
Lithium salt of [2-((2-hydroxy-3-(((2-hydroxyethyl)(pyridin-2-ylmethyl)amino)methyl)-5-methylbenzyl)(pyridin-2-ylmethyl)amino)-acetic acid] (LiH 2 L1
Catalytic studies
Catalytic studies on the zinc complexes of H 3 L1 were performed with bNPP, which hydrolyses to form 4-nitrophenolate and 4-nitrophenyl phosphate. The hydrolysis was followed by monitoring the formation of 4-nitrophenol at 50
• C at 400 nm. The extinction coefficient at 400 nm for 4-nitrophenol is pH dependent and was experimentally determined for each relevant pH to kinetic experiments. All studies were performed in 3 mL reaction aliquots using the substrate bNPP (30 mM stock), buffers (MES, HEPES, Tris, CHES, 100 mM, aq.), and catalytic species Zn 2 H 2 L1 and Zn(NO 3 ) 2 in acetonitrile (all at 1 mM). All experiments were run in triplicate. The protocol for initialising the hydrolysis reaction was to add 0.3 mL of an acetonitrile solution of the zinc complex to the calculated amount of buffer in the test tubes. Where appropriate, excess Zn(NO 3 ) 2 was added to the test tubes. 0.1 mL bNPP was added, the solution was mixed and the absorbance at 400 nm measured. The reaction vessels were placed in a 50
• C water bath and the absorbance recorded at specified time intervals. The zinc dependence of bNPP hydrolysis by the Zn 2 H 2 L1 was investigated by performing kinetic experiments at varying molar equivalents of Zn(NO 3 ) 2 added to the reaction mixture. Control experiments were also run in identical environments in the presence of Zn(NO 3 ) 2 and absence of complex. The final concentrations in 3 mL were as described above and the final concentrations of added zinc were 0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8 and 1 mM, respectively, leading to a 1-10-fold excess of zinc. The effect of pH on the hydrolytic reaction was studied in the pH range 6.5-10 with the Zn 2 H 2 L1, and no excess zinc. The reactions were followed to 5% of bNPP hydrolysis. The kinetic experiments, as a function of substrate concentration, were performed at pH 9. The concentration of bNPP in the final 3 mL reactions was 0.5, 1.0, 1.5 and 2.0 mM, respectively.
Potentiometric titrations
Titrant solutions of acid (HClO 4 ) were standardised against Borax and titrant solutions of Et 4 NOH were standardised against the previously standardised HClO 4 . Potentiometric titrations were performed with a Metrohm 665 Dosimat. The e.m.f. was measured with an ORION model 720A pH meter with a glass electrode. All titrations were carried out at a constant ionic strength of 0.1 M Et 4 NClO 4 and were performed under a nitrogen atmosphere at 25
• C. For each titration the pH meter was calibrated using pH 6.88 and 4.00 buffers and a calibration titration was performed to determine E o and pK w values. Potentiometric titrations were performed on both the free ligands and in the presence of zinc perchlorate under a MeCN-H 2 O saturated nitrogen atmosphere at 25
• C. The reaction vessel contained 2 mL of product (5 mM) in acetonitrile, acidified with 8 mL HClO 4 (6.8 mM). The final concentration of the product was therefore 1 mM in an acetonitrile-water (1 : 4, v/v) solution. The ionic strength was kept constant at 0.1 M with Et 4 NClO 4 . Calibration titrations were conducted using constant volume increments (0.02 mL) of 0.109 M Et 4 NOH solution. Reactant titrations were performed by keeping the mV change constant (-4 mV). The curve fitting of all the data was performed using SUPERQUAD 80 and all pK a values were reproducible within 0.5 units.
